In vertebrate retinal development, various transcription factors are known to execute essential activities in gene regulation. Although epigenetic modification is considered to play a pivotal role in retinal development, the exact in vivo role of epigenetic regulation is still poorly understood. We observed that G9a histone methyltransferase, which methylates histone H3 at lysine 9 (H3K9), is substantially expressed in the mouse retina throughout development. To address in vivo G9a function in the mouse retina, we ablated G9a in retinal progenitor cells by conditional gene knock-out (G9a Dkk3 CKO). The G9a Dkk3 CKO retina exhibited severe morphological defects, including photoreceptor rosette formation, a partial loss of the outer nuclear layer, elevated cell death, and persistent cell proliferation. Progenitor cellrelated genes, including several cyclins, Hes1, Chx10, and Lhx2, are methylated on histone H3K9 in the wild-type retina, but they were defective inH3K9methylationandimproperlyupregulatedatlatedevelopmentalstagesintheG9aDkk3CKOretina.Notably,conditionaldepletionofG9a in postmitotic photoreceptor precursors (G9a Crx CKO) led to the development of an almost normal retina, indicating that G9a activity mainly in retinal progenitor cells, but not in photoreceptor precursors, is essential for normal terminal differentiation of and survival of the retina. Our results suggest that proper epigenetic marks in progenitor cells are important for subsequent appropriate terminal differentiation and survival of retinal cells by repressing progenitor cell-related genes in differentiating retinal cells.
Introduction
In vertebrate retinal development, six types of neurons and glial cells (photoreceptors, horizontal cells, bipolar cells, amacrine cells, ganglion cells, and Müller glial cells) are generated from common multipotent progenitor cells (Cepko, 1996) . In this process, the gene expression programs controlling retinal development need to be precisely controlled by activating the expression of proper genes and repressing the expression of improper genes. Epigenetic regulation, including DNA methylation and modifications of the histone tail, contributes to the regulation of gene expression during development in coordination with transcription factors (Reik, 2007) . Certain epigenetic modifications produce a persistent change in gene expression in the absence of the original signal that caused them and help to stabilize the differentiated state of a cell in the long term (Ptashne, 2007; Berger et al., 2009; Mohn and Schü beler, 2009) . DNA methylation and methylation of histones, especially at histone H3 at lysine 9 (H3K9), are well known marks associated with stable gene repression. Interestingly, recent studies reported genome-wide association of H3K9 dimethylation (H3K9me2) with a differentiation state (Wen et al., 2009; Peric-Hupkes et al., 2010; McDonald et al., 2011) . G9a is an enzyme that preferentially produces H3K9me2 (Tachibana et al., 2002; Peters et al., 2003; Rice et al., 2003) . The G9a inhibitor BIX-01294 [N-(1-benzylpiperidin-4-yl)-6,7-dimethoxy-2-(4-methyl-1, 4-diazepan-1-yl)quinazolin-4-amine] facilitates the reactivation of pluripotency genes and enhances somatic cell reprogramming Shi et al., 2008) . Therefore, G9a seems to guarantee the differentiated state for a long time. In fact, in mouse adult neurons, G9a regulates brain function through maintenance of the transcriptional homeostasis and is likely to protect the expression of improper genes, including nonneuronal and neuronal progenitor-related genes (Schaefer et al., 2009 ). In addition, G9a also functions in cell differentiation. Studies of G9a-deficient mice demonstrated that euchromatic H3K9me2 mediated by G9a is required for normal early embryogenesis and that G9a-deficient mice displayed severe growth retardation and early lethality (Tachibana et al., 2002) . T-cell and B-cell maturation are perturbed in T-cell-and B-cell-specific G9a conditional knock-out (CKO) mice, respectively (Thomas et al., 2008; Lehnertz et al., 2010) . However, precise functional roles of G9a in vivo remain unknown in CNS development, including retinal development.
To clarify the role of G9a during retinal development, we generated G9a Dkk3 CKO mice in retinal progenitor cells by mating G9a flox mice with Dkk3-Cre mice. G9a Dkk3 CKO mice showed thinner retinal layers and abundant rosette structures. In the G9a Dkk3 CKO retina, cell death was markedly increased through developing stages, and abnormal retinal cell proliferation at postnatal stages was observed. We also observed perturbed development of retinal cells in G9a Dkk3 CKO mice. In contrast, the G9a Crx CKO retina showed almost normal development, suggesting that severe abnormalities of the G9a Dkk3 CKO retina were caused mainly by the loss of H3K9me2 marks on the promoters of progenitor cell-related genes in retinal progenitor cells. Together, our current study suggests that epigenetic regulation by G9a in retinal progenitor cells plays an essential role for proper retinal development by silencing progenitor genes in terminal differentiation.
Materials and Methods
Generation of G9a CKO mice. We mated G9a flox mice with Dkk3-Cre-BAC transgenic mice and CrxCre transgenic mice (Furukawa et al., 2002; Omori et al., 2012) , which express Cre recombinase under the control of the Dkk3 and 2 kb Crx promoter, respectively. All procedures conformed to the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research, and these procedures were approved by the Institutional Safety Committee on Recombinant DNA Experiments and the Animal Research Committee of Osaka Bioscience Institute. Mice were housed in a temperature-controlled room with a 12 h light/dark cycle. Fresh water and rodent diet were available ad libitum.
Histology and immunohistochemistry. We immunolabeled retinal cryosections as described previously (Katoh et al., 2010) . Briefly, embryonic mouse heads and eye cups were fixed in 4% paraformaldehyde in PBS for either 30 min or 3 h. The samples were cryoprotected, embedded, frozen, and sectioned (20 m thick). Slides were incubated with blocking solution (4% normal donkey serum and 0.1% Triton X-100 in PBS) for 1 h and then with the primary antibodies for 3 h at room temperature or overnight at 4°C. Slides were washed with PBS three times for 10 min each time and incubated with the secondary antibodies for 1 h at room temperature. The specimens were observed under a laser confocal microscope (LSM700; Carl Zeiss). We used the following primary antibodies: mouse monoclonal antibodies specific to Brn3a (1:100; Millipore Bioscience Research Reagents), Calbindin (1:200; Zymed), Cyclin D3 (1:100; Cell Signaling Technology), G9a (1:100; Perseus Proteomics), Lim1 (1: 100; Developmental Studies Hybridoma Bank), Pax6 (1:200; Developmental Studies Hybridoma Bank), proliferating cell nuclear antigen (PCNA) (1:500; Dako), Rhodopsin (RET-P1) (1:5000; Sigma), and S100␤ (1:1000; Sigma); rabbit polyclonal antibodies to active caspase 3 (1:200; Promega), Calbindin (1:1000; Calbiochem), Chx10 (1:100) , Crx (1:300) (Katoh et al., 2010) , glial fibrillary acidic protein (GFAP) (1:1000; Sigma), M-opsin (1:300; Millipore Bioscience Research Reagents), phospho-Histone H3 (pH3) (1:100; Millipore), Prox1 (1:2000; Millipore Bioscience Research Reagents), Recoverin (1: 1000; Millipore Bioscience Research Reagents), and Sox9 (1:750; Millipore); goat polyclonal antibodies to Brn3b (1:100; Santa Cruz Biotechnology), Lhx2 (1:1000; Santa Cruz Biotechnology), Otx2 (1:500; R&D Systems), and S-opsin (1:500; Santa Cruz Biotechnology); and a guinea pig polyclonal antibody to Thr␤2 (1:100; Wako) (Sanuki et al., 2011) . We also used Alexa Fluor 488 phalloidin (1:3000; Invitrogen). For secondary antibodies, we used Alexa Fluor 488 and Alexa Fluor 568 (1:400; Invitrogen). Counterstaining with the fluorescent nuclear dye 4Ј, 6-diamidino-2-phenylindole dihydrochloride (1:1000; Sigma) was performed. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were performed using the Click-iT EdU Imaging Kits (Invitrogen) according to the instructions of the manufacturer.
Immunodepletion. For the GST-G9a construct, we used a G9a_14 -115_FB primer (5Ј-ATGGGATCCGGG GAGGCCCCCGCTGAGATG-3Ј) and a G9a_14 -115_RXϩStop primer (5Ј-ATGCTCGAGTCAAGA GGGGAACGACTTTGTGGCA-3Ј). Cloned G9a was inserted into the BamHI/XhoI sites of pGEX 4T-1 vector. To immunodeplete the G9a antibody, GST-G9a (G9a amino acid residues 14 -115) protein and GST protein alone were isolated with glutathione-Sepharose beads (GE Healthcare) from 500 ml Escherichia coli (BL21 DL3) cultures. The beads with the absorbed GST proteins were resuspended in 500 l of PBS, and 5 l of anti-G9a antibody was added. The same amount of control rabbit IgG was used for mock depletion. The mixtures were incubated at 4°C overnight. After incubation, the beads were removed by centrifugation. For immunostaining, we added the supernatants into normal donkey serum (final concentration, 4%) and Triton X-100 (final concentration, 0.1%). For another negative control, mouse IgG was used for immunostaining.
Western blot analysis for histone tail modifications. Acid-extracted histones were prepared from postnatal day 7 (P7) mouse retinas as described previously (Cheung et al., 2000) . Briefly, retinas were lysed in 100 mM Tris, pH 7.6, 150 mM NaCl, 1.5 mM MgCl 2 , 0.65% NP-40, and 1ϫ Complete Protease Inhibitor Cocktail (Roche). Nuclei pelleted from the lysis buffer were extracted with 0.4N H 2 SO 4 , and acid-soluble histones were precipitated with 20% trichloroacetic acid. Samples were resolved by SDS-PAGE gels and transferred to PVDF membranes for Western blotting. The amount of histone H3 was precalibrated with an anti-H3 antibody (Active Motif) and Ponceau S (Sigma) staining. Covalent modification status of H3 tails was analyzed with an anti-H3K9me2 antibody (Abcam). H3K9me2 signal intensities were normalized to the control signal.
Microarray analysis. Mouse retinas were dissected at P6. Total retinal RNA (500 ng) was isolated using TRIzol (Invitrogen) and processed with the wild-type (WT) expression kit (Ambion) according to the instructions of the manufacturer. Biotin-labeled cRNA was prepared using GeneChip WT terminal labeling and controls kit (Affymetrix) and hybridized to the GeneChip mouse gene 1.0 ST array (Affymetrix). The chips were washed, stained with streptavidin-phycoerythrin, and scanned using a GeneChip Scanner 3000 (Affymetrix). Signal intensities were determined using GeneChip Operating Software 1.4. The output file contained the raw signals of the control and G9a Dkk3 CKO retinas and the log2 ratio representing the fold difference between control and G9a Dkk3 CKO samples. Statistical analysis was performed to determine which genes are differentially expressed in the G9a Dkk3 CKO retina compared with their controls.
Quantitative real-time PCR. Quantitative real-time PCR (Q-PCR) was performed using SYBR Green ER qPCR Super Mix (Invitrogen) and Thermal Cycler Dice Real Time System single MRQ TP870 (Takara) according to the instructions of the manufacturer. Quantification was performed by Thermal Cycler Dice Real Time System software version 2.0 (Takara). PCR reactions were done in triplicate, and the mean value of the threshold cycle (Ct) was calculated. Expression levels of genes were normalized to the expression level of a housekeeping gene, GAPDH. The mean value of each control was set as 1.0. For chromatin immunoprecipitation (ChIP) analysis, we evaluate the data by input signal. The primer sequences are listed in Table 1 .
ChIP analysis. We used the ChIP-IT Express kit (Active Motif) for the ChIP analysis. Genomic DNA and nuclear proteins from P4 and adult (3 months old) WT mouse retinas and P4 and P21 control and G9a Dkk3 CKO mouse retinal cells were fixed with formaldehyde at room temperature for 10 min. Sheared chromatin (2 g) was precleared with protein G beads before incubation overnight at 4°C with 4 g of anti-H3K9me2 (Abcam) or purified rabbit IgG antibody (Santa Cruz Biotechnology). Then elutes were used as templates for RT-PCR or Q-PCR. Percentage input of each binding site was determined by normalizing the Ct value of the HeK9me2 enriched site in immunoprecipitated DNA with the Ct The anti-G9a antibody immunodepleted by GST-G9a (left) did not show a significant signal by immunostaining, nor did the IgG control (right). In contrast, the anti-G9a antibody immunodepleted by GST showed strong signals. E-H, Expression of G9a in the control (E, G) and G9a Dkk3 CKO retinas (F, H ) at P1 (E, F ) and P6 (G, H ). G9a (red) signal was negative in the G9a Dkk3 CKO retina. Blue staining is a nuclear dye. I, Western blot analysis of P7 histone extracts from the control and the G9a Dkk3 CKO retinas with an anti-H3K9me2 antibody. The amount of histone H3 was precalibrated with anti-H3 antibody and Ponceau S staining. Scale bars, 100 m.
value of that HeK9me2 enriched site in IgG immunoprecipitation. The primers used for PCR in the ChIP analysis are listed in Table 1 .
Results

Generation of retina-specific G9a CKO mice
To examine the influence of histone modification on mouse retinal development, we searched for chromatin modifying enzymes by investigating our previous microarray datasets from various stages of retinal development (Omori et al., 2011) . In this screen, we found that G9a, a histone modification enzyme, is substantially expressed throughout retinal development. We confirmed G9a protein expression by immunohistochemistry using an antiG9a antibody. At embryonic day 14.5 (E14.5), G9a displayed ubiquitous expression in the developing mouse retina (Fig. 1A) . Strong labeling of G9a in Lhx2-positive (Lhx2 ϩ ) retinal progen- itor cells was detected (Fig. 1A) . We also observed postmitotic cells expressing G9a (Fig. 1 B, C and data not shown). To confirm the specificity of the anti-G9a antibody, we performed an immunodepletion assay. We produced and purified GST-G9a protein, which was used as an antigen to raise an antibody, and the GST protein alone for a control. Depletion of the anti-G9a antibody eliminated the signal in G9a immunostaining on the mouse retina to a similar level as the immunostaining using IgG, although the depletion using the GST control did not affect the G9a immunostaining signal (Fig. 1D) . Therefore, the anti-G9a antibody we used in the current study specifically detects G9a-expressing cells. We detected a strong G9a signal in the ganglion cell layer (GCL) and a weak signal at the inner part of the neuroblastic layer (NBL) in the P1 control retina (Fig. 1E ). In the P6 control retina, we detected a G9a signal both in the inner nuclear layer (INL) and the GCL (Fig. 1G) .
To investigate the in vivo function of G9a in the developing retina, we ablated G9a from the developing retina by conditional gene targeting. We mated G9a flox mice with Dkk3-Cre transgenic mice in which Cre recombinase-mediated recombination occurs in almost all retinal progenitor cells . We obtained G9a flox/flox /Dkk3-Cre ϩ mice as G9a CKO (G9a Dkk3 CKO) mice by mating G9a flox/flox mice with G9a ϩ/flox /Dkk3-Cre ϩ mice. We analyzed the phenotypes and compared them with those of control mice with the genotype G9a flox/flox /Dkk3-Cre Ϫ , which show no abnormal phenotype at P1 and P6 (Fig. 1 E, G) . The G9a Dkk3 CKO mice were viable and fertile. We confirmed a total loss of G9a mRNA and protein expression in the G9a Dkk3 CKO retina by Q-PCR analysis (1.00 Ϯ 0.04 vs 0.03 Ϯ 0.00; n ϭ 3; p Ͻ 0.0006) and immunostaining ( Fig. 1E-H ) . Moreover, Western blot analysis using an anti-H3K9me2 antibody demonstrated that the H3K9me2 level in the G9a Dkk3 CKO retina was drastically reduced (Fig. 1I ) . These results suggest that G9a is the major H3K9 dimethyltransferase in the retina.
G9a-deficient retina is severely affected
We examined the retinal tissue of the G9a Dkk3 CKO and control mouse retinas by toluidine blue staining at P14, when retinal development is almost complete (Fig. 2 A, B) . Notably, in the G9a Dkk3 CKO retina, retinal layers were substantially thinner than those of the control retina. We observed sporadic rosette structures in the outer nuclear layer (ONL) and a partial loss of the ONL in the G9a Dkk3 CKO retina (Fig. 2 A, B) . The number and severity of rosettes and ONL-depleted regions varied in each retina. To further confirm the generation of each retinal cell types, we next compared retinal development between the control and G9a Dkk3 CKO retinas at P14 by immunohistochemistry (Fig.  2C-VЈ) . Although all the cell types were observed in the G9a Dkk3 CKO retina, we observed a significant decrease of cone and rod photoreceptors in the G9a Dkk3 CKO retina (Fig. 2C-HЈ,O-PЈ) . Interestingly, these signals were partially lost regardless of the existence of photoreceptor cells (Fig. 2 D, F,H, arrowhead) . Moreover, the number of horizontal cells, bipolar cells, amacrine cells, ganglion cells, and Müller glial cells were also substantially reduced in the G9a Dkk3 CKO retina (Fig. 2I-VЈ) . The numbers of these cells were considerably reduced in the ONL-null area. We also found that some of the Brn3a ϩ ganglion cells were located ectopically (Fig. 2N, arrows) . Notably, some horizontal cells, bipolar cells, and Müller glial cells also penetrated into the ONL (Fig. 2 J, L,T, inset) . Moreover, Cyclin D3
ϩ Müller glial cells were nearly undetectable (Fig. 2Q-RЈ) , but Lhx2 ϩ , Sox2 ϩ , and S100␤
ϩ Müller glial cells were present ( Fig. 2S-VЈ) . A similar pattern was detected during reactive gliosis (Dyer and Cepko, 2000) . Therefore, we immunostained retinas with an anti-GFAP antibody (data not shown), but we could not observe clear signals in either genotype. These results suggest that G9a is essential for proper retinal development and appropriate differentiation of all retinal cell types, especially in photoreceptor cells. (Lahav et al., 1975 , Yuge et al., 1995 , Tulvatana et al., 1999 . However, we could not detect any significant differences in the gene expressions described above by in situ hybridization or microarray analysis between control and G9a Dkk3 CKO retinas (data not shown). Conversely, in the pathological condition, cell death and/or abnormal proliferation were seen (Lin et al.,  2001) . Therefore, to investigate the mechanisms underlying the abnormalities observed in the G9a Dkk3 CKO retina, we exam- ined whether the decrease of retinal cells in G9a Dkk3 CKO mice was attributable to cell death and/or cell proliferation defects.
First, we performed TUNEL assays at several developmental stages (E16.5, P1, P4, P6, P7, and P14) (Fig. 3A-J,U ) . Compared with the control retina, in the G9a Dkk3 CKO retina, cell death increased at E16.5 (Fig. 3 A, B,U ) , was especially high at P1 and P4 (Fig. 3C-F,U ) , and still significant at P6 and P7 (Fig. 3G, H, U ) . We observed no specific localization of TUNEL ϩ cells. These results suggest that G9a deletion in the retina results in increased cell death of various cell types but not of any specific cell type.
Next, to examine cell proliferation, we immunostained the control and G9a Dkk3 CKO retinas with anti-pH3 and anti-PCNA antibodies to mark M-phase and S-phase, respectively (Fig. 3K-T,V,W ) . In the retina, progenitor cells at M-phase occur at the apical surface, whereas progenitor cells at S-phase localize at the basal side. At early stages of retinal development, the numbers of pH3 ϩ cells were similar between both genotypes ( Fig. 3K-P,V) . However, at P6 and P7, pH3 ϩ cells were still detected in the G9a Dkk3 CKO retina (Fig. 3Q,R,V) . Simultaneously, the numbers of PCNA ϩ cells also increased (Fig. 3Q,R,W) . Interestingly, ectopic localization of PCNA ϩ cells was observed at the inner part of the ONL at these stages (Fig. 3R, arrowhead in inset) . These results suggest that developmental delay or spatiotemporal perturbation of retinal progenitor cell proliferation occurs during development in the G9a Dkk3 CKO retina.
Cell fate specification and differentiation of the G9a Dkk3
CKO retina
To investigate the cell fate determination and differentiation of each retinal cell type, we performed immunohistochemistry using cell-type-specific marker antibodies for photoreceptor precursors (Otx2 and Crx), cone photoreceptor precursor cells (Thr␤2), horizontal cells (Prox1 and Lim1), amacrine cells (Pax6), ganglion cells (Brn3b), and retinal progenitor cells (Chx10 and Pax6) at E16.5. There was no significant difference in cell fate determination and cell localization of earlier generated cell types between the control and G9a Dkk3 CKO retina (Fig. 4A-L) , whereas the number of apoptotic cells was higher in the retina of G9a Dkk3 CKO mice at this stage (Fig. 3 A, B) . These results indicate that G9a at least does not play a significant role in cell fate determination of early generated cell types.
We next examined retinas from early postnatal pups to determine when morphological abnormalities become significant. At P1, we found that retinal thickness was slightly reduced in the G9a Dkk3 CKO retina, consistent with markedly elevated cell death (Fig. 5A-N ) . We also observed that localization of each retinal cell type was almost normal, except for S-opsin ϩ differentiating cells and horizontal cells (Fig. 5A-N ) . The numbers of Recoverin ϩ (33.0 Ϯ 5.2 vs 18.7 Ϯ 3.0 Recoverin ϩ cells/100 m retina, n ϭ 3; p ϭ 4.3e-05), S-opsin ϩ (36.4 Ϯ 6.7 vs 12.5 Ϯ 2.6 S-opsin ϩ cells/100 m retina, n ϭ 3; p ϭ 3.6e-06), and Calbindin ϩ (horizontal cells) cells (4.1 Ϯ 0.7 vs 2.3 Ϯ 0.1 Calbindin ϩ cells/100 m retina, n ϭ 3; p ϭ 0.01) decreased in the G9a Dkk3 CKO retina (Fig. 5O) . These results suggest that delayed differentiation and/or cell death of differentiating cells producing photoreceptors and horizontal cells occurs in the G9a Dkk3 CKO retina at P1. At P5 and P6, rosette structures were observed in the ONL of the G9a Dkk3 CKO retina (Fig. 6 B, D, F, H, J, L) . At P6, we could not detect a developmental delay in photoreceptor and horizontal cells (Fig. 6C-H ) . Notably, we found that Chx10 ϩ cells were ectopically localized at the inner part of the ONL (Fig. 6 I, J ) . Because Chx10 is known to be expressed in both bipolar cells and progenitor cells, we next double immunostained the retina for Chx10 and PCNA. PCNA and Chx10 colocalized in some cells but not others (Fig.  6 K, L) , indicating that, in addition to proliferating cells, bipolar cells also ectopically localized in the ONL in the G9a Dkk3 CKO retina. Because Müller glial cells were detected after P7 in the G9a Dkk3 CKO retina, we immunostained the retina for Cyclin D3 and S100␤ at P7. Intriguingly, Müller glial cell numbers were greatly decreased in the G9a Dkk3 CKO retina ( Fig. 6M-P) . These results suggest that G9a is required for proper timing of retinal differentiation and Müller gliogenesis.
G9a function in retinal progenitors is critical for proper retinal development
Next, to elucidate G9a functions in cell differentiation, we focused on photoreceptors, which constitute Ͼ70% of total retinal cells, because of the availability of the Crx-Cre mouse line in which Cre is expressed predominantly in photoreceptor precursors (Furukawa et al., 2002; Omori et al., 2012) . We generated G9a flox/ flox/Crx-Cre ϩ (G9a Crx CKO) mice by mating G9a flox/flox mice with G9a ϩ/flox / Crx-Cre ϩ mice. Interestingly, the G9a Crx CKO retina only showed a slight morphological abnormality in the ONL (Fig. 7A-F ) , and we did not detect any rosette structure or decrease of the ONL. We then examined H3K9me2 states in the G9a Crx CKO and control retina. We detected a reduced H3K9me2 signal in the G9a Crx CKO retina, whereas in the G9a Dkk3 CKO retina, the H3K9me2 signal was severely reduced (Fig. 7G,I ). These results indicate that G9a function in retinal progenitor cells is critical for normal retinal development, including proper cell proliferation, cell survival, and formation of retinal morphology.
Furthermore, considering that the H3K9me2 level was significantly reduced in the G9a Crx CKO retina, we assumed that G9a also plays a role in photoreceptor maintenance in mature photoreceptor cells. To determine whether H3K9me2 modification in postmitotic cells is important for photoreceptor maintenance, we investigated the 3-month-old G9a Crx CKO retina by toluidine blue staining. We observed that the ONL became thinner in 3-month-old G9a Crx CKO mice compared with that in the control retina (Fig. 7H-IЈ) . Concomitant with the photoreceptor degeneration, the INL also exhibited cellular loss. The degree of degeneration was variable in that part of the retina (Fig. 7I,IЈ) . These results suggest that H3K9me2 mediated by G9a is also important for the survival of differentiated photoreceptor cells.
Progenitor cell-related genes were upregulated in the G9a-deficient retina To identify the genes regulated by G9a, we performed a microarray analysis. This study of mRNA expression in the G9a Dkk3 CKO retinas at P6 revealed significantly increased expression levels of 189 probes (signal log ratio, Ն1.0; signal intensity, Ն100) in the G9a Dkk3 CKO retina (the list of top 35 probes in the group is shown in Table 2 ). We found that a loss of G9a resulted in upregulation of progenitor cell-related genes. It was reported that differentiating photoreceptors improperly expressing progenitor cell-related genes undergo apoptosis (Lin et al., 2001; Skapek et al., 2001; Sanuki et al., 2011) . We confirmed the increase of progenitor cell-related genes by Q-PCR analysis (Fig. 8A) . Progenitor cell-related genes were significantly increased in the G9a Dkk3 CKO retina. We further investigated H3K9me2 patterns on the promoter regions of progenitor-related genes: Ccnb1, Hes1, Ccnd1, Chx10, and Lhx2 (Fig. 8 B, C) . The ChIP analysis of WT mouse retinal extracts demonstrated that H3K9me2 was enriched in the promoters of progenitor-related genes (Fig. 8B) . As in the Western blot analysis, H3K9me2 levels strongly decreased in the G9a Dkk3 CKO retina (Fig. 8C) . Notably, H3K9me2 marks on the promoters of progenitor cell-related genes were also detected in the P21 retina, but the level of H3K9me2 was higher than in the P4 retina (Fig. 8 B, C) . These results suggest that H3K9me2 marks, once established on progenitor cell-related genes, are stable and persist for a long time and permanently repress improper genes. Moreover, our results also suggest that the first step of H3K9me2 modification, mediated by G9a on the promoter of progenitor cell-related genes in retinal progenitor G9a Crx CKO mice only slightly phenocopied G9a Dkk3 CKO mice, suggesting that G9a function is important in retinal progenitor cells. Arrow, Abnormal morphology. G, Western blot analyses of P7 nuclear extracts from the control and G9a Crx CKO retinas with anti-H3K9me2 antibody. The amount of histone H3 was precalibrated with anti-H3 antibody and Ponceau S staining. H-I, Light-microscopic photographs of the toluidine blue-stained sections of adult retinas. The control retina (H ) and the G9a Crx CKO retina show variable degrees of degeneration in the retina (I, mild degeneration; I, severe degeneration). Scale bars, 100 m. cells, was weak but critical for the normal development of retinal cells, and the second step of H3K9me2 modification in postmitotic cells was strong and important for cell survival.
Discussion
Our previous study reported that the transcription factor Blimp1 stabilizes photoreceptor cell fate by repressing cell cycle-and bipolar-related genes, although Blimp1 expression decreases as photoreceptor maturation proceeds (Katoh et al., 2010) . How do photoreceptors remember this repressed state continuously throughout life? The mechanisms that underlie long-term or permanent silencing in differentiating and differentiated neurons remain unclear. It is assumed that chromatin modifications (e.g., DNA methylation, histone modifications, replacement of histone variants, Polycomb group and Trithorax group proteins) are used as an epigenetic memory, which allows cells to maintain their identity permanently (Ng and Gurdon, 2008) , even when exposed to extracellular environments that induce other cell fates. These signatures are written on the genes without altering the genetic code itself (Mellor et al., 2008) . However, changes in these signatures, which attract or repel other molecules that are the building blocks our bodies need to develop, differentiate, and maintain the function, can have an effect on physical and mental health for a lifetime (Das et al., 2009 ). For example, the REST (RE1 silencing transcription factor, also called NRSF for neuronrestrictive silencing factor) complex regulates the transition from transient transcriptional silencing to long-lasting silencing of neuron-specific genes through DNA methylation and histone methylation/demethylation in non-neuronal terminally differentiated cells (Ballas et al., 2005) . Therefore, in the adult brain, REST shows low levels of expression (Palm et al., 1998) . Aberrant expression of REST target genes are closely related to diseases, such as epilepsy (Spencer et al., 2006 ), ischemia (Calderone et al., 2003 , Huntington disease (Zuccato et al., 2003) , Down's syndrome (Bahn et al., 2002) , and X-linked mental retardation (Tahiliani et al., 2007) . Nevertheless, how the expression of improper genes is permanently silenced in developing and mature retinal neurons is unknown.
In our current study, we focused on G9a histone methyltransferase, because G9a expression is substantially higher in the retinal differentiation among epigenetic factors. Our immunohistochemical analysis indicated that severe retinal disorganization was detected in the G9a Dkk3 CKO retina, and this phenotype resulted from multiple abnormalities. We found that severe morphological abnormalities, including photoreceptor rosettes, drastically elevated cell death, prolonged proliferation, and mislocalization of retinal progenitors. Although cell fate determination of at least early generated retinal cell types is unaffected, we observed that cell differentiation was delayed or/and In the microarray and Q-PCR analyses to compare gene expression between the control and G9a Dkk3 CKO retinas at P6, we detected a significant increase in progenitor cell-related genes (cyclins, Top2a, Mki67, Bub1, PNCA, Hes1, Chx10, Ngn2, Lhx2 , and so on) in the G9a Dkk3 CKO retina (Fig. 8A, Table 2 ). Detailed examination using ChIP analysis showed H3K9me2 enrichments in at least some of the progenitor cell-related genes ( Fig.  8 B, C) . These results partially correlate with the report by Schaefer et al. (2009) . They showed that G9a deficiency in adult dopaminergic neurons leads to neuronintrinsic expression of non-neuronal and neuronal progenitor genes. Expression of non-neuronal and neuronal progenitor proteins in differentiating retinal neurons possibly induces cell death, proliferation defects, and/or delayed differentiation. Moreover, an uncontrolled state of progenitor cell-related genes in retinal progenitors may disturb the intracellular balance of progenitor cells. We also confirmed that H3K9me2 levels increased along with cell differentiation by ChIP analysis. This result correlates well with the report that G9a-mediated H3K9me2 increased along with retinal development (Wen et al., 2009; Peric-Hupkes et al., 2010; McDonald et al., 2011) .
Contrary to these, the G9a Crx CKO retina, in which G9a is ablated specifically in photoreceptor precursor cells, showed almost normal differentiation, whereas the total H3K9me2 level was substantially reduced. We examined whether G9a is important at the transition point from progenitor to postmitotic retinal cell. For this purpose, we electroporated WT G9a and GFP vectors into WT mouse retinas at P0. The study by Matsuda and Cepko (2004) showed that electroporated vectors are mainly introduced in retinal progenitor cells. We harvested the electroporated retinas at P6. The harvested retinas showed almost normal development (data not shown), suggesting that H3K9me2 mark is probably necessary for differentiation rather than to provide the spark for transition from progenitor cells to postmitotic cells. These results suggest that, once H3K9me2 marks are established on the promoters of proper genes in retinal progenitor cells, G9a activity at least in photoreceptor precursors is no longer essential for cell differentiation or maturation. At the same time, it should be noted that G9a function in postmitotic cells is important for maintenance of differentiated cells. Thus, the establishment of H3K9me2 marks in retinal progenitor cells is crucial for normal development and appears to serve as an epigenetic memory of the differentiated state. In retinal progenitor cells, progenitor cell-related genes may be poised for transcriptional repression via the H3K9me2 mark mediated by G9a, and this mark probably functions in differentiating cells. Consistent with this, it was reported that the chromatin prepatterning of modified histones has an instructive role in proper fate determination and later development in zebrafish fertilized eggs before zygotic gene activation and also in mouse embryonic endoderm cells (Lindeman et al., 2011; Xu et al., 2011) . Moreover, in embryonic stem cells, some developmental genes are present within bivalent chromatin regions of both H3K4me3 (active mark) and H3K27me3 (inactive mark) (Szutorisz et al., 2005; Bernstein et al., 2006) . These observations suggest that, after the proper signal have been provided, these genes are automatically poised for transcriptional activation or repression through the histone modification. Our results suggest that H3K9me2 marks mediated by G9a potentially serve similar functions. It should be noted that H3K9me2 was reported to be an epigenetic mark associated with inactive promoters (Tachibana et al., 2001 (Tachibana et al., , 2002 . However, we did not observe a significant abnormal cell cycle arrest or proliferation inhibition in retinal progenitor cells. Therefore, our results suggest that there is unknown machinery that overcomes the H3K9me2 repressive mark in retinal progenitor cells.
How does the methylated histone mark function? It was reported that the ANK repeats of G9a bind to H3K9me2 (Collins et al., 2008) . Moreover, G9a can associate with DNA methyltransferases to repress transcription in embryonic stem cells (Estève et al., 2006; Collins et al., 2008; Epsztejn-Litman et al., 2008; Tachibana et al., 2008; Leung et al., 2011) . These findings raise the possibility that H3K9me2 marks become a target of DNA methylation and are replaced by DNA methylation at later developmental stages. The DNA methylation mark is the most stable Figure 8 . G9a is required for suppression of progenitor genes during differentiation. A, Expression levels of selected genes involved in retinal progenitor cells were analyzed by Q-PCR. Expression levels of most of them were significantly upregulated in the G9a Dkk3 CKO retina. Error bars show the SD (n ϭ 3 from 9 retinas). *p Ͻ 0.03. B, ChIP analysis for enrichment of H3K9me2 at the promoters of seven genes in the P4 (left) and adult (right) WT retina. IgG indicates negative control using normal rabbit IgG. The signals from ␤-globin and GAPDH genes served as controls for inactive (H3K9me2 ϩ ) and active loci (H3K9me2-negative), respectively. RT-PCR was used for evaluation. C, ChIP analysis of control and G9a Dkk3 CKO retinas at P4 (top) and P21 (bottom) using antibodies specific for H3K9me2 or a nonspecific IgG (control). Q-PCR was used for evaluation.
epigenetic mark and plays an important role in epigenetic memory Kim et al., 2010) . G9a probably induces DNA methyltransferases to bind H3K9me2 in the differentiating/differentiated retinal cells, and necessary DNA methylation on the promoter of proper genes may not be induced in progenitors of the G9a-depleted retina. In other words, H3K9me2 mediated by G9a in retinal progenitor cells may function to prepare the epigenetic memory for the differentiated state, whereas the subsequent DNA methylation in differentiating/differentiated neurons may ensure this state. Because this ensuring step is assumed to be defective in the G9a Crx CKO retina, mature photoreceptor cells would degenerate. Consistent with this, we found that the expression of a DNA methyltransferase Dnmt3a increased along with retinal development in our microarray data (Omori et al., 2011) . Moreover, Nasonkin et al. (2011) and mouse retina SAGE library data (http://cepko.med. harvard.edu/) also showed that DNA methyltransferases are expressed in the adult retina. A future study on DNA methylation in the G9a Dkk3 CKO retina is required to reveal whether H3K9me2 marks on the promoters of proper genes induce DNA methylation or not.
In summary, our findings demonstrate that the H3K9me2 histone modification mediated by G9a before differentiation in progenitor cells is essential for proper differentiation of postmitotic cells and integrity of retinal progenitor cells in the mouse retina. Moreover, G9a deletion in differentiating photoreceptor cells results in retinal degeneration. Our observation suggests that H3K9me2 mediated by G9a serves as an epigenetic memory in the differentiated state (Fig.  9) . Future investigation of G9a-and H3K9me2-associated molecules including Blimp1 (Gyory et al., 2004) may reveal the in vivo mechanism of how histone methylation marks are written, recognized, and read out during retinal development. Figure 9 . A hypothetical model of G9a functional mechanism. In the WT retina (top), G9a expressed in the retinal progenitor cells may mark H3K9me2 in progenitor genes and stably silence these genes. G9a also dimethylates H3K9 in differentiating cells, but de novo H3K9 methylation at this stage is not essential for differentiation. Cell-type-specific genes drive the maturation of retinal cells. In the G9a Dkk3 CKO retina (bottom), lack of H3K9me2 marks result in abnormal expression of progenitor-related genes and lead to the impaired integrity of progenitor cells, cell death, and abnormal development of retinal cells.
